Abstract The nomilin and limonin content in citrus fruits of different varieties was determined at fruit growth and maturation stages by HPLC. The results showed that the two limonoids can be separated, identified, and quantified in citrus fruits within 10 min by the developed method. The method exhibited good precision, repeatability, stability, and recovery rate. The content of limonin and nomilin in most citrus fruits presented an increasing trend initially, and then decreased during fruit growth and maturation; a peak was observed at the young fruit or fruit expansion stage. The dropped fruits also contained some amount of limonoids, suggesting their industrial application. The variation and cluster analyses results revealed that the orange varieties contained the highest amount of limonoids at the mature stage. The results of this study will enable better use of citrus limonoids.
Introduction
With the improvement in living standards, people's awareness of nutrition and health care is gradually increasing. Citrus fruits are not only rich in nutrients such as vitamin C, carbohydrates, and minerals, but also rich in secondary metabolites such as flavonoids, limonoids (Braddock and Bryan, 2001) , and alkaloids (Jayaprakasha et al., 2011) . Plant limonoids are highly oxidized secondary metabolites with polycyclic triterpenoid backbones, found mostly in the tissues of plants belonging to the family Rutaceae and Meliaceae (Hashinaga et al., 2006) . Furthermore, limonoids are typical secondary metabolites in citrus fruits, including lemons, pomelos, grapefruits, oranges, and limes (Russo et al., 2016) . They are mainly found in citrus seed (Avula et al., 2016) , pulp (Wang et al., 2016b) , and peel (Hamdan et al., 2011; Nakagawa et al., 2006) . Studies on citrus plants have mainly focused on yield of trees, and color or quality of fruits; however, studies on their medicinal value are limited . Recent studies have shown that the limonoids in citrus fruits exhibit a wide range of biological activities, including antitumor (Manners, 2007; Ren et al., 2015) , anti-inflammatory (Eom et al., 2016) , anti-insect (Bilal et al., 2012) , antineoplastic (El-Readi et al., 2010; Lam et al., 1989) , and other pharmacological activities. Owing to the multiple positive attributes of limonoids, researchers and industries are paying more attention to utilize the limonoids in citrus fruits. Citrus is a large genus that includes several major cultivated species (Xu et al., 2013) , but studies on the content of limonoids between species are sparse.
Limonin is the bitterest limonoid, followed by nomilin. During recent decades, growing evidence have shown that the content of limonin and nomilin in Valencia orange decreases gradually after March every year. In addition, the content of limonin and nomilin reaches the highest during September and then decreases gradually in the fruits of pomelo (Sun et al., 2005) . Recent studies have also demonstrated that the accumulation of limonoids is affected by plant genotype, environment (Bai et al., 2016; Zhang et al., 2011), tissue, and development stage (Chebrolu et al., 2012) .
In recent years, there have been several studies on the content of limonin and nomilin in different citrus varieties at the mature stage , or the variation trend of limonoid content of the same species during fruit growth and maturation stages (Wang et al., 2016a) , but studies on the content of limonoid in different citrus varieties during different fruit growth and maturation stages are limited. On one hand, the citrus fruits are thinning every year, and they contain a certain amount of limonin and nomilin. The study on limonoid content of falling fruits and young fruits in different citrus varieties will enable better use of limonoids. On the other hand, it is convenient for industries to choose less bitter citrus fruits for further processing. Moreover, assessing the content of citrus limonoids during different fruit growth and maturation stages not only provides an evidence to investigate the internal connecting link between citrus varieties and limonoids, but also provides a theoretical basis to analyze the enzymes and genes, which play an important role in regulating the limonoid content of fruits. In the present study, we selected several citrus varieties as representatives (such as lemon, pomelos, oranges, and hybrid citrus) to analyze the differences in limonoid content among them. The content of limonin and nomilin was determined by an improved high-performance liquid chromatography (HPLC) at different fruit growth and maturation stages.
Materials and methods

Plant materials
To assess the limonin and nomilin content in citrus, the fruits of eight citrus varieties from the main citrus production area of China-Sichuan citrus mother orchard (Chengdu, Sichuan, China)-were used. Fruits were collected from trees of the same age during 2017 and 2018. Trees were grown using standard cultural practices and under similar management conditions (5 m 9 4 m plots). The first fertilizer (urea 0.5 kg per tree) was applied 10 days before germination; the second fertilizer (urea 0.3 kg per tree) was applied 10 days before flower abscission. The third fertilizer (compound fertilizer 1 kg per tree) was applied to make fruits strong in July; the last fertilizer (compound fertilizer 0.6 kg per tree) was applied at the color conversion stage. The compound fertilizer was consisted of urea, calcium superphosphate, and potassium sulfate. Trees were pruned and sprayed with insecticides and fungicides as needed. The fruits were collected from healthy trees at four stages of development, viz., fruit falling, young fruit, fruit expanding, and mature stages.
The varieties were as follows : Tarocco No. 8, Navelina Navel, Yellow Tacopon, Orah, Ehime No. 34, lemon, Tarocco No. 4, and Ehime No. 38 . The fruits were harvested from three trees per variety, and each tree was considered as a biological replicate. Eight fruits per tree in all four directions from the outer layer of the crown were randomly collected. The size of fruits was medium, and the fruits were free of disease and insect pests. After harvest, the fruits were dried in a bake oven at 50°C and placed in a desiccator for storage.
Standards and reagents
Limonin and nomilin standards were obtained from Yuanye Company (Shanghai, China); their purity was above 98%. HPLC grade acetonitrile and carbinol (Macklin, Shanghai, China) were used as mobile phase. Petroleum ether and acetone, of analytical grade, were used for limonoid extraction. Ultrapure water was obtained using a Millipore Milli-Q water purification system (Integral-10; Bioscience, Chengdu, China).
Determination of limonin and nomilin content
The content of limonin and nomilin in the fruits was determined according to the method of Chu et al. (2012) and Vikram et al. (2007) , respectively, with minor modifications. The sample was first pretreated. The dried fruits were ground to powder and passed through sieves of 40 mesh. The citrus fruit powder (2 g) was defatted with 40 mL of petroleum ether at 20°C for 12 h. The defatted powder was then filtered using a vacuum filter (SMB-III; Zhengzhou Great Wall Scientific Industrial, Zhengzhou, China) and dried. Extraction was carried out using an ultrasonic extraction device (Elmasonic S 100; Elma Schmidvauer GmbH, Bodensee, Germany) for 30 min with 40 mL of acetone at 20°C with default settings, and the extract was collected in a 50-mL centrifuge tube. The ultrasonic extraction operation was repeated. The extract was centrifuged at 5000 rpm for 10 min at 20°C. The supernatant was evaporated using a rotary evaporator (Rotavapor R-210; BUCHI Labortechnik AG, Bern, Switzerland) under vacuum at 35°C. The dried samples were re-dissolved in 10 mL of acetonitrile (HPLC grade), which were stored in dark. The samples were passed through a 0.22-lm PALL syringe filter (JinTeng, Tianjin, China) for HPLC.
The HPLC analysis was performed using the Agilent Technologies 1260 HPLC system (Agilent Technologies; Santa Clara, CA, USA), and a C 18 HPLC column (4.6 mm 9 150 mm, 5 lm) was used. The column temperature was 25°C, and the isocratic elution model was performed with acetonitrile:phosphoric acid buffer (pH 3.5, 0.03 mol/L):methanol in the ratio of 45:44:11 (v/v) , with the elution speed of 1.0 mL/min and the injection volume of 10 lL. The detection wavelength was set at 210 nm.
Analysis of calibration curves
Limonin and nomilin standards (0.02 g) were diluted with acetonitrile (HPLC grade), fixed in 10-mL brown flasks, and confected to 2 g/L stock solution. The stock solution was diluted to different concentrations-1, 2, 5, 10, 25, 50, 100, 150, 200, and 300 mg/L-for the HPLC analysis. The probability of exposure of samples to strong light was minimized as much as possible. Calibration curves of limonin and nomilin were obtained by plotting the peak area versus the concentration. The regression equation and the correlation coefficient were calculated.
Assessment of sensitivity and stability
Mixed standard solution of different concentrations was prepared and analyzed under chromatographic conditions. The limit of detection (LOD) and limit of quantitation (LOQ) were calculated based on the chromatogram. The LOD and LOQ were defined as the concentration corresponding to a signal equal to three and ten times the baseline noise signal (S/N), respectively. Sensitivity of the method was assessed by the mean LOD and LOQ.
Stability of the method was assessed by injecting the same sample into the system at 0, 2, 4, 8, 12, 24, 36, 48 and 96 h after preparation of the sample, and the relative standard deviation (RSD) of each sample at 96 h was determined.
Assessment of precision and repeatability
The same mixed standard solution was analyzed six times under the chromatographic conditions, and then the RSD of the standard solution was calculated based on the content of limonoids.
Six samples (2 g per sample) from the same sample were accurately weighed and extracted under the same preparation conditions. After extraction, the content of limonoids in each sample was determined under the chromatographic conditions and the RSD value was calculated.
Evaluation of sample recovery
Six samples with known content of detected substances were accurately weighed for 2 g and a certain amount of mixed standard was added to each sample. The amount added was 1.5 times that of the original sample, and then the recovery rate was analyzed.
Data analysis
The data were statistically analyzed using IBM SPSS Statistics 19.0 and Excel 2016 with a 5% significant level for variation analysis and cluster analysis.
Results and discussion
Chromatography
Citrus resources exist in varied forms, and the content of limonoids in different varieties is significantly different. It has been reported that limonin is the bitterest of limonoids (Bai et al., 2016) , followed by nomilin, and therefore, in the present study, a HPLC method was developed to analyze limonin and nomilin content. The chromatograms of standards and citrus samples obtained at 210 nm are shown in Fig. 1(A-C) . Based on the peak type and retention time, the two substances were separated well within 10 min. This indicates that this method can simultaneously separate limonin and nomilin. With the extensive application of advanced instruments and the development of detection techniques, researchers have established a variety of methods for the detection of limonoids. The main methods include TLC (Rout and Mishra, 2014) , HPLC-UV (Li et al., 2014) , UV-spectrophotometry (Yu et al., 2017) , radioimmunoassay (RIA), and HPLC-MS (Avula et al., 2016; Chu et al., 2012) . With rapid development, HPLC is one of the most widely used detection methods for accurate qualitative and quantitative analyses of secondary metabolites in citrus (Bilal et al., 2012; Ghasemi et al., 2009 ).
Validation of the developed method
The limonin and nomilin standards were used as reference to draw the standard curves, and then to calculate the sensitivity, stability, precision, repeatability, and recovery rate; the method was validated in terms of all these parameters. The parameters related to standard curves, such as regression equation, correlation coefficient, and linear range are shown in Table 1 . The calibration curves of limonin and nomilin showed good linearity (R 2 C 0.9994) within the test range, and their content could be accurately determined using the regression equation. The LOD and LOQ values provided the basis for the validation of this method. The RSDs of stability, precision, and repeatability are shown in Table 2 . When the same sample was analyzed at 0, 2, 4, 8, 12, 24, 36, 48, 96 h after extracted, the RSD values of limonin and nomilin content were less than 2.94%, indicating that limonin and nomilin in the sample had a good stability within 96 h. It was found that the RSD values of precision and repeatability were not more than 2.85% and 4.32%, respectively, indicating that the method was precise, and it had a good reproducibility. The recovery rates of these two substances were 98.2-106.9%, and the RSD was less than 3.43%, indicating that this method was practical.
The strengths of the method developed are as follows. This method can save analysis time effectively; limonin and nomilin were separated within 10 min. Furthermore, the method of extraction is simple, and there is no complicated extraction procedure. However, ultrasonic assisted extraction used in this study was more time-consuming than that of Soxhlet extraction (approximately 3 h) and reflux extraction method (approximately 2 h) (Li et al., 2014; Yang et al., 2017) .
Analysis of limonin and nomilin content in citrus samples
The relative content of limonin in different citrus samples is listed in Table 3 . Significant differences were observed among different citrus varieties. Among the four growth and maturation stages, the content of limonin in citrus fruits ranged from 1.46 mg/100 g in Tarocco No. 4 to 48.91 mg/100 g in Lemon at the fruit falling stage, from 2.40 mg/100 g in Orah to 103.39 mg/100 g in Lemon at the young fruit stage, from 5.26 mg/100 g in Ehime No. 38 to 42.17 mg/100 g in Orah at the fruit expanding stage. The content of limonin was relatively low at the mature stage.
The nomilin content of eight samples is presented in Table 4 . The content of nomilin in Yellow Tacopon at the fruit falling and young fruit stages was 20.75 and 34.41 mg/100 g, respectively, which were the highest among all the citrus varieties. Moreover, Orah presented the lowest content of nomilin at the fruit falling and young fruit stages, which were 0.42 and 0.65 mg/100 g, respectively. Orah presented the highest content of nomilin (18.88 mg/100 g), followed by Lemon (17.03 mg/100 g); Tarocco No. 4 showed the lowest content (2.42 mg/100 g) at the fruit expanding stage. At the mature stage, nomilin could not be detected in any citrus sample. The content of limonin was considerably higher than the content of nomilin in the fruits of the same variety at the same time. The highest limonin content of Lemon and Ehime No. 38 was up to 103.39 and 74.38 mg/100 g, respectively. The nomilin content of Orah changed significantly throughout the fruit growth and maturation stages compared with that of other citrus fruits; thus, the varieties Lemon, Ehime No. 38, and Orah are of great value to study bitter substances. The dropped and thinned fruits also contained some amount of limonin and nomilin, and their content differed among varieties; they can also be fully used through recycling and reusing.
The results also showed that the content of limonoids in the fruits of hybrid citrus was the lowest and could not be detected, followed by Lemon at the mature stage; the highest limonoid content was observed in orange varieties at the mature stage. This is consistent with the findings of Breksa III et al. to some extent . Furthermore, it was similar to the variation range of another bitter substance, narirutin (Lin et al., 2010) . A previous study has showed that orange varieties presented the highest amount of flavanone glycosides, hesperidin, and narirutin, compared with those of other varieties (Bermejo et al., 2011) . Similarly, in the present study, a comparison of limonin and nomilin content in citrus fruits at the mature stage confirmed that the mature fruits of orange varieties were the bitterest.
Analysis of variation trend in limonoid content among citrus samples
In the fruits of Tarocco No. 8 and Orah, the content of limonin presented a decreasing trend initially, increased significantly from the young fruit stage to fruit expanding stage, and then decreased to the lowest level at the mature stage, and the maximum level was observed at the fruit expanding stage. In the fruit of Yellow Tacopon, Ehime No. 34, and Tarocco No. 4 , the content of limonin increased until the fruit expanding stage, and then decreased. The content of limonin in the fruit of Navelina Navel, Lemon, and Ehime No. 38 reached the highest at the young fruit stage, and then decreased gradually. The nomilin content in the fruits of Navelina Navel, Yellow Tacopon, Ehime No. 34, Lemon, Tarocco No. 4, and Ehime No. 38 varieties showed a similar trend at the fruit growth and maturation stages. They presented an upward trend between the fruit falling stage and young fruit stage; the maximum level was observed at the young fruit stage. The nomilin content showed a decreasing trend after the young fruit stage, and it could not be detected in any variety at the mature stage. These trends were slightly different from that of Orah, which showed the highest content of nomilin at the fruit expanding stage, and then decreased gradually. Whereas, Tarocco No. 8 presented a completely different trend; the highest content of nomilin was at the fruit falling stage (10.63 mg/100 g), and then kept decreasing until it could not be detected at the mature stage.
Overall, the results showed that the maximum limonoid content is present at the young fruit or fruit expanding stage in most citrus varieties. Furthermore, the content of limonin and nomilin in Navelina Navel, Yellow Tacopon, Ehime No. 34, Lemon, Tarocco No. 4, and Ehime No. 38 presented an increasing trend initially, and then decreased during fruit growth and maturation stages. This observation is consistent with the findings of a previous study on variation trend in citrus (Daniel et al., 2011) . However, in the present study, the content of nomilin in Tarocco No. 8 showed a trend consistent with that observed in a previous study, that is, the content of limonoids decreased gradually after March (Bai et al., 2016; Li et al., 2014) . The variation trend and the highest content stage in some citrus varieties rarely exhibited a similar trend with the predecessors. This might be attributed to the environmental factors. Furthermore, regional differences also exist. It might also be because the index of falling fruit period was increased, and the limonoid content of falling fruits was different from that of fruits at other stages.
Clustering analysis
According to the observed index value of limonin content in citrus fruit, the distance class average method was used to cluster with SPSS system software. Finally, a dendrogram was obtained (Fig. 2) . According to the clustering analysis, the citrus samples from eight varieties can be divided into four groups. Group I included four materials, which contained all the orange varieties used and a hybrid citrus Yellow Tacopon. This indicated that the limonin content in orange fruits was similar to each other to some extent, and limonoids in the fruit of Yellow Tacopon, which was selected from the sprouts of Tacopon, showed similar pattern with oranges. Group II included the material of Ehime No. 38 with a significant changing trend. Group III included two hybrid citrus varieties. Groups II and III showed that there was no regularity in limonin content among hybrid citrus fruits. Group IV included the material of lemon, which maintained a high content of limonin almost at all stages. In subsequent studies, the number of varieties will be increased to have a better understanding of the relationship between limonoids and species.
The limonoid content at the mature stage and the cluster analysis results of limonin indicate that the content of limonoids in orange varieties presented a certain variation, which has to be studied in the future. In conclusion, our study provides a theoretical basis to develop citrus Fig. 2 Cluster analysis of limonin limonoids for commercial use, especially for oranges, and to promote comprehensive utilization of limonin in citrus.
